Prevalence of diabetes and comorbid brain disorders is increasing worldwide particularly in low-and middleincome countries. Diabetes and its complications impose substantial economic costs on the developing countries. Several comorbid conditions have been described for diabetes including central nervous system (CNS) disorders. Molecular changes in CNS due to chronic hyperglycemia could be the root cause of psychiatric comorbidities in metabolic syndrome as dietary carbohydrates and proteins affect plasma concentrations of many neurotransmitters involved in brain function. Glucose metabolism play an important role related in neuroenergetics, neurotransmission, energy storage, biosynthesis and oxidative defense. Thus, tight regulation of glucose metabolism is critical for normal brain physiology. An exaggerated symptom of depression, anxiety, and cognitive deficits are shown in diabetic animal models as well as in a population-based studies. Several studies show that many of the CNS acting drugs affected the glucose homeostasis and modulate brain physiology apart from their primary pharmacological actions. Gut-microbiota involve in the modulation of various physiological and pathological conditions of metabolic disorders and mental health by influencing the regulation of energy balance and release of neurotransmitters. Presently, no specific pharmacotherapies are available for CNS comorbidities associated with diabetes. However, some prebiotics, probiotics and herbal drugs are playing promising role in management of these CNS complications. Therefore, the evidence-based studies through translational research and clinical setup are warranted for better understanding for the relationship between brain glucose homeostasis and CNS complication as well as development of poly-pharmacologically active therapeutic drugs for the management of comorbid disorders associated with diabetic patients.
Background
Diabetes is a chronic, metabolic disease characterized by elevated levels of blood glucose (or blood sugar), which accompany serious damage to the major vivacity of heart, blood vessels, eyes, kidneys, and brain [1] . Hyperglycemia, or raised blood sugar, is a common effect of uncontrolled diabetes and over time leads to serious damage to many of the body's systems, and increase the risk of dying prematurely [2] . The global prevalence of diabetes among adults over 18 years of age has risen from 4.7% in 1980 to 8.5% in 2014. According to World Health Organization (WHO) global report published recently in 2016, 422 million adults have diabetes, 1.5 million deaths are directly attributed to diabetes each year, and 1 in 3 adults aged over 18 years is overweight and 1 in 10 are obese [3] . Prevalence of diabetes is increasing worldwide, particularly in low-and middle-income countries. The causes of diabetes are complex, but the rise is due in part to increase in the number of people who are overweight, including an increase in obesity, and in a widespread lack of physical activity in daily life. In almost all high-income countries, diabetes is a leading cause of cardiovascular disease, blindness, kidney failure, and lower limb amputation.
The International Diabetes Federation has estimated that the worldwide prevalence of diabetes mellitus is expected to increase from 387 million people in 2014 to 592 million within the next twenty years. Furthermore, 316 million with impaired glucose tolerance are at high risk from the disease, with projections indicating that over 1 billion people will be living with or at high risk of diabetes in 2035 [4] . There were 72.1 million people with diabetes mellitus in the South East Asia region in 2013 and this number is expected to increase to 123.0 million by 2035. India alone has 65.1 million people living with diabetes mellitus; this places India second to China with 98.41 million diabetic people [5] . Diabetes imposes a large economic burden on the global health-care system and the wider global economy. Diabetes and its complications impose significant economic costs on patients, their families, health systems, and national economies because of direct costs of treatment and loss of work and wages. Based on cost estimates from a recent systematic review, it has been estimated that the direct annual cost of diabetes to the world is more than US$ 825 billion [6] , with China ($170 billion), the USA ($105 billion), India ($73 billion), and Japan ($37 billion) [7] . According to another published in 2005 on 'Global Burden of Neurological Disorders' by WHO, neurological disorders contribute to 10.9, 6.7, 8.7 and 4.5% of the global burden of disease in high, upper-middle, lower-middle and low-income countries, respectively. Moreover, neurological disorders are also an important cause of mortality and this constituted 12% of total deaths globally [8] .
Diabetes has been associated with various comorbid conditions including brain disorders such as depression, anxiety and cognitive dysfunctions. This association is also responsible for other vascular and behavioral complications that might be mediated by brain oxidative stress and neuronal degeneration [9, 10] . One of the most serious mental health comorbidities associated with diabetes is major depressive disorder. Overall rates of depression among individuals with type-1 or − 2 diabetes is twice more than in general population [11] . Diabetes mellitus is associated with changes in both the blood-brain barrier and transport functions of the cerebral micro-vessels. Structural changes in cerebral microvessels may account for some of the observed changes [12] . Diabetes induces advanced brain aging and may ultimately result in deficits in cognitive performance and increased risk of developing clinical manifestations of Alzheimer's disease (AD) [13, 14] . Furthermore, it has also been reported that AD and vascular dementia are more frequent in diabetic patients than in non-diabetic persons [15] , and that aspects of frontal lobe function, such as psychomotor efficiency, processing speed and executive function, are generally more impaired in diabetics [16] . Insulin resistance mediated impairments in energy metabolism lead to oxidative stress, generation of reactive oxygen species, DNA damage, and mitochondrial dysfunction, all of which drive pro-apoptosis, proinflammatory, and pro-AβPP-Aβ cascades [17] . Living with diabetes and/or obesity is associated with broad range of distressed lifestyle, such as feeling overwhelmed with diabetic regimen, being concerned with future and the possibility of serious complications, etc. Thus, the combination of distressed lifestyle (which changes neurotransmitter levels) and molecular changes in CNS due to chronic hyperglycemia could be the root cause of psychiatric comorbidities in metabolic syndrome. In most of the animal research on diabetes and cognitive performance, it has been concluded that insulin deficiency may result in impairments in synaptic plasticity and cognitive processes while human studies suggest that insulin insensitivity may affect cognitive processing only [18] . There are ample evidences regarding prominent role played by neurotransmitter acetylcholine in memory function of diabetics Several comorbid conditions have been described in rodent models of diabetes including depression and anxiety [19] . The rate of Generalized Anxiety Disorders and subsyndromal anxiety are higher in diabetic patients [20] . Despite extensive efforts and considerable progress, proper pharmaco-therapeutic managements of comorbid mental health conditions, often associated with almost all chronic health problems including diabetes still remain to be one of the major challenges for medicine [21, 22] . The present review article is focussed on the role of glucose homeostasis and neurotransmitter metabolism in diabetic brain, and the potential use of prebiotics, probiotics and herbal drugs in the management of comorbid conditions associated with diabetes. In addition, we have also highlighted the potentials of CNS acting drug on glucose homeostasis and CNS modulating effects of antidiabetic drug, which might be attractive areas of translational research for drug discovery and development.
Glucose homeostasis and brain functions
The mammalian brain depends upon glucose as its key source of energy, and tight regulation of glucose metabolism is critical for brain physiology [23] . In the human adult brain, neurons have the highest energy demand [24] , requiring continuous delivery of glucose from blood. In human, the brain accounts for approximately 2% of the body weight, but it consumes approximately 20% of glucose-derived energy making it the primary consumer of glucose (approximately 5.6 mg glucose per 100 g human brain tissue per minute) [25] . Glucose metabolism provides the fuel for physiological brain function through the generation of ATP, the foundation for neuronal and non-neuronal cellular maintenance, as well as the generation of neurotransmitters. Glucose is required to provide the precursors for neurotransmitter Thakur et 12 synthesis and the ATP to fuel their actions as well as the brain's energy demands not related to signaling. The largest proportion of energy in the brain is consumed for neuronal computation and information processing [26] , e.g. the generation of action potentials and postsynaptic potentials generated after synaptic events, and the maintenance of ion gradients and neuronal resting potential [24, 27] . Additionally, glucose metabolism provides the energy and precursors for the biosynthesis of neurotransmitters. Importantly, astrocytic glycogen seems to be directly relevant for learning [28] . All brain regions are metabolically active at all times, but there is a large heterogeneity among various brain structures. Besides hormones and nutrients, both afferent and efferent metabolic signals link hindbrain nuclei and the gastrointestinal tract through the vagal nerve [29] . Thus, a complex interplay between the brain, in particular the hypothalamus, and peripheral systems control glucose supply to the brain, peripheral nutrient uptake [29, 30] , and utilization, as well as feeding [31] [32] [33] . Finally, disrupted central glucose sensing, insulin signaling, and defective hypothalamic circuits have been implicated in the pathophysiological mechanism of type-2 diabetes mellitus and obesity. At the same time, deregulated glucose metabolism in diabetes mellitus can injure the brain through both hypo-and hyperglycemia [34] . Furthermore, severe complication after cerebral ischemia, has been in part ascribed to dysregulation of the hypothalamus-pituitary-adrenal axis and perturbed efferent signaling [35] . Given the role of hypothalamic structures for glucose and nutrient sensing [29, 30] , disturbed central glucose level and impeded central regulation of peripheral glucose metabolism may contribute to the development various CNS comorbidities.
Neurotransmitters and CNS complications
Carbohydrates contain sugar, which is used as nutrition by body metabolizes for energy. Carbohydrates also influence the blood levels of certain amino acids and the synthesis of neurotransmitters, substances in brain that communicate messages between nerve cells and affect mood, appetite and sleep. Functional metabolic activities include so-called 'housekeeping' processes (e.g., macromolecule turnover and axonal transport), biosynthesis of many types of neurotransmitters, signaling within and among cells and maintenance and restoration of membrane potentials [36] . Dietary carbohydrates and proteins affect plasma concentrations of tryptophan and the other large neutral amino acids viz. tyrosine, phenylalanine, leucine, isoleucine, valine, and methionine [37, 38] , these macronutrients also affect brain tryptophan concentrations and, thereby, serotonin synthesis and release [39, 40] . Biosynthesis of amino acids, monosaccharide and complex carbohydrates is essential for neurotransmission and macromolecular turnover, and requires the use of glucose as the carbon source. Tryptophan and tyrosine are dietary amino acids vital for synthesis of neurotransmitters, also called monoamines. Tryptophan is the precursor to serotonin and tyrosine is the precursor to dopamine and nor-epinephrine [41] . Glucose metabolism fulfils important functions in adult brain related to neuroenergetics, neurotransmission, energy storage, biosynthesis and oxidative defense. The major energy-producing pathways are glycolysis (glucose to pyruvate) and oxidative metabolism (pyruvate to CO 2 ) via the TCA (tricarboxylic acid) cycle and the electron transport chain. Neuromodulators and neurotransmitters must be produced endogenously from substrates derived via these two pathways because passage of neuroactive compounds from blood to brain across the blood-brain barrier is highly restricted [42] .
Intercellular communication in the CNS requires the precise control of the duration and the intensity of neurotransmitter action at specific molecular targets. After they have been released at the synapse, neurotransmitters activate pre-and/or postsynaptic receptors. To terminate synaptic transmission, neurotransmitters are, in turn, inactivated by either enzymatic degradation or active transport in neuronal and/or glial cells by neurotransmitter transporters [43] . Once inside the neuronal cell, vesicular carriers can further transport neurotransmitters into synaptic vesicles. These processes are responsible for the homeostasis of neurotransmitter pools within nerve endings [44] .
Mainly three monoamine neurotransmitters in the brain viz. dopamine (DA), nor-epinephrine (NE), and serotonin (5-HT) play an important relationship in major depressive disorders. However, specific symptoms are associated with the increase or decrease level of specific neurotransmitters [45] . The first major hypothesis also called as "Monoamine Hypothesis" of depression proposed that the main symptoms of depression are due to a functional deficiency of these brain monoaminergic transmitters [46, 47] . The most predictable anxiolytic effects of neurotransmitters are linked to the activation of a gamma-aminobutyric acid (GABA)-ergic subsystem associated with specific benzodiazepine receptors [48] . It should nevertheless be recognized that GABA is not the only neurotransmitter important in the modulation of anxiety responses in the amygdala, and many other neurotransmitters have been implicated, including serotonin, opioid peptides, endocannabinoids, neuropeptide Y, oxytocin, and corticotropin-releasing hormone [49] .
Diabetes and CNS complications
Hyperglycemia is a common event among patients with type-1 and type-2 diabetes. Over time, diabetes can damage the heart, blood vessels, eyes, kidneys, and nerves. Diabetes mellitus also accompanied by numerous structural, behavioral, and biochemical alterations of the central nervous system [50] . Numerous such comorbid conditions are observed in rodent models of diabetes, and exaggerated symptoms of depression, anxiety, and cognitive deficits are observed in diabetic animals [19, [51] [52] [53] [54] [55] [56] . Even though depressive symptoms, anxiety and cognitive dysfunctions have been well-established comorbidities in diabetic patients [57] , but more attention has been paid to depression only. This might be because available evidences from extensive population studies suggest that the relationship between diabetes and depression is bidirectional [58] and that such is not necessarily the case for diabetes and anxiety or diabetes and memory impairment [59] . However, despite numerous efforts, no definitive statement has been made on the complexity of the cause effect relationship between diabetes (and other metabolic disorders) and diverse types of psychosomatic and/or mood related disorders. Therefore, complex interactions of physical, psychological, and genetic factors that contribute to such associations remain to be properly defined. The relationships between various comorbid CNS conditions in diabetes are summarized in Fig. 1 .
Diabetes and depression
Diabetes and depression are two major chronic diseases with bidirectional relationship, and both of them are spreading like epidemics in almost all countries around the globe [60] . Co-occurrence of these two pathologies in same patients has strong negative impacts on their quality of life and shortens their life span [61, 62] . Depression has been found also to be associated with alterations in diverse other diabetes related psychological and physiological processes [63, 64] , and it has been reported that prevalence of depression in diabetics is higher than prevalence of depression in normal population [65] . Numerous structural, behavioural and biochemical alterations of the central nervous system are observed in diabetic patients and such diverse alterations are observed in rodent models of diabetes [19, 50-52, 54-56, 66] . The fact that deregulated oxidative process involving catalase and superoxide dismutase enzyme activity accompanying cognitive psychopathologies in diabetic rats is well established [51, 52, 67] and such pathologies influence not only brain functions, but also diverse other biological processes involved in hyperglycemia and other central as well as peripheral pathologies [68] . Although complex interactions of physical, psychological and genetic factors that contribute to such associations remain to be properly defined, available evidence strongly suggest that depression could as well be a consequence of persistent metabolic abnormalities [69, 70] . However, it has been also reported that depression actually doubles the risk of type-2 diabetes, and that depression could as well be an independent risk factor for type-2 diabetes [71] [72] [73] . It has been observed that the prevalence of depression was significantly higher in patients with type-2 diabetes compared with those without (17.6 vs. 9.8%). These prevalence of depression was higher in females with diabetes (23.8%) compared with male (12.8%) diabetics [74] . Patients with diabetes and depression have been shown to have greater number of risk factors e.g. poor compliance with personal diabetic care (adherence to diet, checking blood sugar level), increased risk of retinopathy and macro-vascular complications, have a decreased quality of life, and increased disability burden [75] .
Diabetes and anxiety
Anxiety is related with emotional aspect of human being, which is universal in nature. Generally, anxiety stimulates and prepare individual to face potential threats and challenges, but its persistent and overwhelming occurrence precipitate pathological conditions known as ' Anxiety Disorders'. Anxiety has also been associated with poor glycemic control seen in diabetic patients. According to a survey based study it was found that compared to rates seen in the general population, the rates of Generalised Anxiety Disorders and subsyndromal anxiety are higher (40% of diabetic patients have elevated levels of anxiety symptoms) in diabetes [20] . In addition, recent clinical studies have shown the prevalence of anxiety in diabetic patients to be much higher than the normal population, supporting the notion that there exists a strong relationship between diabetes and anxiety disorder [76] [77] [78] . Anxiety in patients with diabetes is associated with less frequent blood glucose monitoring and suboptimal glycemic control [79] , which further worsen the diabetic condition. Previous reports have shown that diabetes results in anxiety-like behaviour in various preclinical testing paradigms. Diabetic rats demonstrated increased time spent in closed arms in elevated plus maze and reduced time spent in central arena in open field test [54, 80] . Diabetes has also evidenced anxietylike behaviours in rodents subjected to social interaction and zero maze tests [81] . Moreover, decreased exploratory behaviour as less number and duration of head dips has been found in diabetic mice during hole-board test [82] . These suggest that, diabetes significantly develops anxiety-like behaviour and is an effective tool for evaluating neuro-behavioural consequences of diabetes in rodents as well as in screening potential effects of various drug molecules in anxiety-like behaviour associated with diabetes. Benzodiazepines (BZDs) have been used as the drug of choice for the treatment of anxiety disorders. However, long-term uses of BZDs do have various side effects such as development of tolerance, emergence of withdrawal symptoms and cognitive impairment [83] . Due to these disadvantages associated with use of BZDs, now antidepressants such as SSRIs and SNRIs are being frequently prescribed as first line anxiolytics. The other advantage of using SSRIs as anxiolytic is that they improve both psychic and somatic symptoms of anxiety disorders [84] . An increased adrenergic activity in anxiety has been postulated as main factor behind poor glycemic control. On the other hand hyperglycemia associated with diabetes has also been found to exert anxiogenic effect [85] . Some drugs used to treat anxiety such as alprazolam have been found to have beneficial effects in glycemic control in patients suffering with comorbid anxiety associated with diabetes [86] .
Diabetes and memory impairments
Memory impairment associated with diabetes is also well reported and chances of cognitive dysfunctions and dementia are almost double in diabetic patients [87] . Acute ingestion of high glycemic index carbohydrate foods in diabetic patients has been found to aggravate memory impairment [88] . In contrast, better glycemic control has been found to improve cognitive performance [15, 89] . Brain imaging study in diabetic patients have revealed that changes observed in various brain region follow a similar pattern to that of ageing person's brain features suffering with cognitive decline [90] . Deficits in hippocampal synaptic plasticity observed in diabetes ultimately have deleterious consequences upon cognitive function. A multifaceted role of insulin has been implicated in cognitive performance in normal as well as diabetic individual. Deficits in insulin receptor signalling and impairments in hypothalamic-pituitary-adrenal axis function also contribute to the neurological complications of diabetes phenotypes [91] . Impairment of insulin activity in Alzheimer's disease having dementia as hallmark is well documented in various studies. In most of the animal research on diabetes and cognitive performance, it has been concluded that insulin deficiency may result in impairments in synaptic plasticity and cognitive processes while human studies suggest that insulin insensitivity may affect cognitive process only. Thus, overwhelming evidences from animal and clinical studies suggest functional link between diabetes and cognitive impairment underlying diverse mechanism of action [18] . Streptozotocin (STZ)-induced diabetic rats have been found to display deficits in cognitive tasks, such as performance on the Morris water maze [92] . STZ-induced diabetes in rats results in altered function of NMDA [93] and AMPA [94] type glutamate receptors, which are involved in learning and memory processes. In most of the animal research on diabetes and cognitive performance, it has been concluded that insulin deficiency may result in impairments in synaptic plasticity and cognitive processes while human studies suggest that insulin insensitivity may affect cognitive processing [18] . There are ample evidences regarding prominent role played by neurotransmitter acetylcholine in memory function of animals. At the same time, there is significant and selective degeneration of neurons having cholinergic intervention in hippocampus, cortex and hypothalamus of Alzheimer's disease patients [95] . The core strategy to treat dementia of Alzheimer's disease has been to augment the level of acetylcholine by inhibiting the enzyme AChE. Currently the drug available to improve cognition in Alzheimer's disease such as galanthamine, rivastigmine and donepezil are AChE inhibitors [96] but their limited efficacy and peripheral side effects impose a drawback for long time use [97] .
Gut-microbiota and brain disorders
The relationship between the degree of gut health and human disease processes has long been recognized: Hippocrates (460-370 B.C.) stated, "All diseases begin in the gut" [98] . The gut microbiome has played a crucial role in the bidirectional gut-brain axis that integrates the gut and central nervous system (CNS) activities, and thus the concept of microbiome-gut-brain axis is emerging. Evidences are accumulating to suggest that gut-microbiota essentially involved in neural development and function, both peripherally in the enteric nervous system and centrally in the brain. The symbiotic relationship between intestinal microbiota and host ensures appropriate development of the metabolic system in humans [99] . The gastrointestinal tract of a healthy adult hosts around 10 2 microbial cells within the highly acidic environment of the stomach, into the duodenum and jejunum. The distal ileum contains around 10 7 -10 8 microbial cells with the largest proportion of microbes finally residing in the colon, containing around 10 11 -10 12 microbial cells [100] . Increasing number of findings suggests the broader role of gut-microbiota in the modulation of various physiological and pathological conditions, and it is now well recognized that a bidirectional communication between brain and gut-microbiota is essential to maintain homeostasis [101] [102] [103] . Gut microorganisms are capable of producing and delivering neuroactive substances such as serotonin and gamma-aminobutyric acid, which act on the gut-brain axis [101, 104, 105] . GABA, which is the main inhibitory neurotransmitter in the human brain, is produced by many lactobacilli, and for most babies born per vaginum are the first bacteria to which they are exposed. As mentioned above other essential neurotransmitters such as 5HT, NE, DA are also produced by microbes [106] . Based on evidence, the gut microbiota is associated with metabolic disorders such as obesity, diabetes mellitus and neuropsychiatric disorders such as schizophrenia, autistic disorders, anxiety disorders and major depressive disorders [103, 107] . In the past few years, neuroscientific research has shown the importance of the microbiota in the development of brain systems. The gut-brain axis includes CNS, the neuroendocrine and neuroimmune systems, autonomic nervous system, enteric nervous system, and intestinal microbiota [104, 108] .
Concentrations of tryptophan, the precursor of serotonin, are increased in the plasma of male GF animals, suggesting a humoral route through which the microbiota can influence CNS serotonergic neurotransmission. Interestingly, colonization of the germ-free (GF) animals postweaning is insufficient to reverse the CNS neurochemical consequences in adulthood of an absent microbiota in early life despite the peripheral availability of tryptophan being restored to baseline values. In addition, reduced anxiety in GF animals is also normalized following restoration of the intestinal microbiota. According to a study by [109] , there were significant increases in tryptophan levels in rats treated with the probiotic Bifidobacerium infantis 35624. This probiotic has been shown to have antidepressant action in preclinical models of depression and may thus constitute a psycho-biotic with a mental health benefit [110] . The relationships between gut-brain axis and mental health along with potential modulating effect of probiotics and prebiotics on neurotransmitters and glucose homeostasis are shown in Fig. 2 .
Gut-micobiota and neurotransmitters
Gut microbiota influences the release of some of the major brain neurotransmitters which act in the gut-brain axis and modulate food intake and energy balance i.e., short chain fatty acids (SCFAs), Peptide YY (PYY), tryptophan, serotonin, endocannabinoid ligands, cholecystokinin, and ghrelin [107, 111] . GABA is a metabolite produced from glutamate by the glutamate decarboxylase pathway of many lactic acid bacteria [112] . Serotonergic neurotransmission modulates many brain functions including emotion, cognition, motor function, pain as well as neuroendocrine functions such as food intake, circadian rhythms and reproductive activity. 5-HT is an important signaling molecule in the gut-brain axis and the 5-HT released from enterochromaffin cells modulates peristaltic, secretory, vasodilatory, vagal and nociceptive reflexes [108, 113] . Studies are revealing how diverse forms of neuro-immune and neuro-psychiatric disorders are correlated with or modulated by variations of microbiome, microbiota-derived products and exogenous antibiotics and probiotics. Bacteria have the capacity to generate many neurotransmitters and neuromodulators [103] . Probiotics (i.e., live microorganisms similar to beneficial microorganisms found in the human gut) are reported to modulate a number of disorders including metabolic disorders, behavioral conditions and cognitive functions. It has been recently reviewed that Lactobacillus spp. and Bifidobacterium spp. produce GABA; Escherichia spp., Bacillus spp. and Saccharomyces spp. produce noradrenalin; Candida spp., Streptococcus spp., Escherichia spp. and Enterococcus spp. produce serotonin; Bacillus spp. produce dopamine; and Lactobacillus spp. produce acetylcholine [107, 108] . As the impact of the gut microbiota in complex conditions such as anxiety and depression, and in cognition, is increasingly being recognized and behavior, neurophysiology and neurochemistry can be affected in many ways through modulation of the gut microbiota. Therefore, elucidating the mechanisms by which microbiota communicate with the gut-brain axis will be crucially important for the development of any microbiota-based and microbiotaspecific therapeutic strategies for CNS diseases are urgently required [107, 108] .
Gut-microbiota and glucose metabolism
Recent evidence strongly suggests that the gut-microbiota also play an important role in the regulation of energy balance and weight in animals and humans and may influence the development and progression of obesity and other metabolic disorders, including type-2 diabetes [114] [115] [116] [117] . Gut microbial composition and functions are strongly influenced by diet, and affect metabolism via energy absorption, gut motility, appetite, glucose/lipid metabolism, as well as fat storage in the liver. The gut microbiota plays a significant role in the development of the metabolic syndrome and an impairment of gut microbes can cause inflammation and insulin resistance [118] . It has been reported that metabolic pathways are generally affected by the intestinal microbiota, bacterial glycoside hydrolases enzyme cleave complex carbohydrates derived from dietary fiber to produce SCFAs such as acetate, propionate and butyrate. SCFAs affect the host's metabolism in several ways, for example SCFAs dependent activation of G-protein coupled receptor 41 (Gpcr41) induces the expression of peptide YY, an intestinal hormone that inhibits gut motility, increases intestinal transit rate, and reduces the harvest of energy from the diet [119] .
An analysis of population-based study reported that the gut microbiota of the children suffering from type-1 diabetes was different from the gut microbiota of the children without diabetes. Some of the gut microbiota species were also correlated with blood glucose levels in the children with diabetes [120] . The intestinal microbiota is one of these environmental factors recently under study, partly because of observations in both nonobese diabetic mice and BioBreeding diabetes-prone rats, where the use of antibiotics was shown to prevent the onset of diabetes [120, 121] . On the other hand, supplementation with probiotics in the first month of life successfully reduced the risk of type-1 related autoimmunity in children with high genetic risk of type-1 diabetes [122] .
Probiotics, prebiotics and brain functions
A beneficial microorganism defends the host organisms against the penetration of harmful microorganisms, and has many other functions in the gut wall integrity, innate immunity, insulin sensitivity, metabolism, and it is in cross talk with the brain functions as well. It is a recent recognition, that intestinal microbiota has a direct effect on the brain, and the brain influences the microbiota [105] . The effects of manipulating enteric flora by probiotics (live bacteria given in oral quantities that allow for colonization of the colon) or pre-biotics (nondigestible oligosaccharides like insulin and oligofructose that are fermented by colonic microbiota and enhance the growth of beneficial commensally organisms like Bifidobacterium and Lactobacillus spp.) have been evaluated in several controlled trials [117] . In a recent report it has been demonstrated that probiotics treatment improves diabetes-induced impairment of synaptic activity and cognitive function [123] . This two-way gut-brain axis consists of microbiota, immune and neuroendocrine system, as well as of the autonomic and central nervous system [108, 124] . Compared with the carbohydratealone diet, the pre-biotic with carbohydrate diet increased the intestinal proportion of Lactobacilli and Bifidobacteria, preserved tight junction integrity and intestinal barrier function, and lowered endotoxinemia and systemic and hepatic cytokines and oxidative stress [116] . Now, the evidence of the gut-microbiota influence on behavior and brain chemistry is well-documented [125] . It is also known that normal healthy microbiota influences the development and function of CNS, via Thakur et 
behavioral and molecular changes [102] . The oral treatment of rats with Lactobacillus reuteri, which activated calcium dependent potassium channels in enteric neurons in the colonic myenteric plexus, proves that that gut microbiota may affect brain via autonomic nervous system [126] .
Herbal drugs and brain functions
In Ayurveda, Rasayana drugs constitute the group of drugs, which have over all beneficial effects on physical and mental health, can be used in a variety of mental disorders [127] . Treatment of CNS complications by modern medicine has several shortcomings. Most medications for brain disorders have strong side effects [128] [129] [130] [131] . Chances of reoccurrence are also high with treatment of CNS complications by modern medicine [132] . Thus, search for effective and safer medications for comorbid brain disorders are necessary and plant sources can prove to be a better option. During recent years, suggestions have been often made of structurally and functionally diverse secondary plant metabolites as potential therapeutic leads for prevention and cure of diabetes-associated dementia [133] [134] [135] . On other hand, numerous phytochemicals cannot only alter gut microbial ecology [136, 137] , but also are extensively anabolised and catabolised inside the gastrointestinal tract [138] . It has been demonstrated that the deteriorated memory function observed in diabetic rats was accompanied with elevated acetylcholinesterase activity in their brains, and both these pathologies were dose dependently antagonised by treatments with Andrographis paniculata extract as well as isolated pure Andrographolide. Observed alterations in glucose and insulin level and oxidative status in diabetic rats were also antagonised by both the test agents. Oxidative processes and blood glucose and insulin level regulate central cholinergic functions, which be the reason for their observed memory function improving as well as other CNS activities [52, 53, 139] . In an independent study, it has been reported that Hypericum perforatum significant antidepressant, anxiolytic as well as improvement in memory functions of diabetic rats [66, 140] . During recent years, implications have often been made that diverse secondary plant metabolites are potential therapeutic leads for management of CNS comorbidities associated with diabetes [133, 141, 142] . Moreover, edible vegetable like Brassica juncea has been reported to be beneficial in cognitive functions and other CNS functions of diabetic rodents by modulating the anti-oxidative enzymes and neurotransmitters activities [51, 56] .
CNS acting drugs and glucose metabolism
Persons with psychiatric disorders generally do have multiple risk factors for the development of type-2 diabetes, including physical inactivity and obesity [143] . Stress-induced elevations of glucocorticoids increase glucose concentrations through multiple mechanisms, including synergy with other counter-regulatory hormones to stimulate glycogenolysis, gluconeogenesis, lipolysis, and inhibition of peripheral glucose transport and utilization. Compared to non-depressed controls, depressed subjects display decreased glucose utilization in the left lateral prefrontal cortex, although clinical response to antidepressant treatment is associated with increased glucose metabolism within the cingulate, prefrontal cortex, and/or basal ganglia [144] [145] [146] . It has been shown that complex mechanism of blood glucose homeostasis involves several hormonal and non-hormonal components such as serotonin, dopamine and noradrenaline, which affect blood glucose level [147] . In an independent study it has been concluded that plasma glucose levels are under separate serotonergic and dopaminergic control, exerted via 5-HT 1A and DA D3 receptors, respectively [148] . Some serotonergic antidepressants (e.g., fluoxetine) reduce hyperglycaemia, normalise glucose homeostasis and increase insulin sensitivity, whereas some noradrenergic antidepressants (e.g., desipramine) and TCAs exert opposite effects and may deteriorate glucose tolerance [149] . However, some dual-mechanism antidepressants (e.g., duloxetine and venlafaxine) do not appear to disrupt glucose homeostatic dynamics, whereas nonselective hydrazine monoamine oxidase inhibitors (e.g., phenelzine) are associated with hypoglycaemia and an increased glucose disposal rate [150] . Many anxiolytics used in diabetes are reported to produce alteration in blood glucose and insulin level. In pre-clinical studies, anxiolytics such as buspirone acting through serotonin receptors (5-HT 1 receptors) demonstrated altered the plasma glucose and insulin levels [148, 151] .
Administration of dopamine agonist drugs modifies glucose metabolism in selected brain areas. Low doses of psychostimulants, which elicit locomotion and exploratory behavior and produce reinforcement, increase glucose metabolism in the limbic system, particularly in the nucleus accumbens [152] . Dopaminergic drugs increase serum insulin probably by interacting with dopaminergic receptors, but stimulation of beta-adrenergic receptors cannot be ruled out [153] . Methylphenidate induced variable changes in brain glucose metabolism, but it consistently increased cerebellar glucose metabolism. It also induced a significant reduction in relative glucose metabolism in the basal ganglia [154] . However, aniracetam, a potent modulator of the glutamatergic and cholinergic systems, prevents glucose metabolic reduction in the cholinergically denervated frontal cortex with little effect on the cortical cholinergic system [155] . Atypical antipsychotic drugs such as Olanzapine, which act on these monoamine systems, are implicated in the onset of obesity and diabetes in a substantial number of patients [156] . Animal studies confirm that atypical antipsychotic drugs can cause severe hepatic insulin resistance in the absence of changes in mass of adipose tissue [157] . In mice, the use of dopamine receptor antagonists is associated with weight gain and insulin resistance, whereas agonists of the D1 and D2 dopamine receptor isoforms decrease food intake and improve insulin sensitivity [158, 159] . Therefore, CNS acting drugs need to be studied for their glucose catabolic and anabolic effects in diabetic patients.
Metformin and brain functions
Metformin (N-1,1-dimethylbiguanide) , is considered to be one of the most effective therapeutics for treating type-2 diabetes because it specifically reduces hepatic gluconeogenesis without increasing insulin secretion. For several decades, metformin has been used to treat patients with type-2 diabetes worldwide, yet the underlying mechanism by which it inhibits hepatic gluconeogenesis until a very recent study in which authors conclusively showed that metformin non-competitively inhibits the redox shuttle enzyme mitochondrial glycerophosphate dehydrogenase [160] . Furthermore, Adenosine-monophosphate-activated protein kinase (AMPK) activation is the most well-known mechanism of metformin action by which it re-sensitizes insulin receptors along with other several beneficial actions [161] [162] [163] . However, some of the biological responses to metformin (e.g. the release of cytokines and the expression of Arginase I or PGC-1α) are not limited to AMPK activation but also are mediated by AMPK-independent mechanisms [164] .
Significantly, it was found that orally-dosed metformin (plasma concentration 13.8 ± 2.8 μmol/L after 1 h, single dose) rapidly crosses the blood-brain barrier and accumulates in brain (13.5 ± 2.3 nmol/L) [165] . LC-MS/MSbased proteomic analysis showed that 41 phosphoproteins were up-regulated and 22 phosphoproteins were down-regulated in the brain of metformin-administrated mice suggesting the direct action of metformin on various targets of central nervous system [166] . Furthermore, beneficial effect (neuroprotective effect in fact) of metformin has also been shown in stroke model where it improved the oxidative stress induced by ischemia and ischemia/reperfusion injuries [167] . The results of recent studies suggest that metformin, in addition to its antihyperglycemic efficacy, may also attenuate neuroinflammation in the CNS [164] . In an independent study, it has been concluded that metformin activated AMPK in macrophages and thereby inhibited biosynthesis of phospholipids as well as neutral lipids and also downregulated the expression of endotoxin (LPS)-induced proinflammatory cytokines and their mediators (iNOS and cyclooxygenase 2). Therefore, metformin may have a possible therapeutic effect for the treatment of multiple sclerosis and other inflammatory diseases [168] .
Recently, it has been demonstrated that metformin promotes neurogenesis and enhances spatial memory formation. Normally, an atypical PKC-CBP pathway is essential for the normal genesis of neurons from neural precursors and metformin activates this pathway to promote rodent and human neurogenesis in culture [169, 170] . However, it is also demonstrated that AMPK catalytic activity of metformin is not required for early neural development in vivo over activation of their AMPK activity during metabolic stress impairs neuronal polarization in a mammalian target of rapamycin (mTOR)-dependent manner [171] . Furthermore, metformin attenuates Alzheimer's disease-like (AD) neuropathology in obese, leptin-resistant mice by attenuating the increase of total tau, phospho-tau and activated JNK [172] . Thus, anti-diabetic drugs might be a potential candidate for various CNS activities and should be pharmacologically evaluated for CNS complications generally associated with diabetic patients.
Concluding remarks
Global burden of comorbidities of diabetes and other metabolic disorders have been explored and are attracting the potential researchers to explore more in the depth of its complications. As the patho-physiology associated with diabetic comorbidity is complex particularly in the brain, the potential role of suitable pharmacotherapy for treatment of such complications must be properly revealed out. Neurotransmitters metabolism and glucose homeostasis demonstrated directly as well as indirectly effect of prebiotics/probiotics on brain functions and regulated by gut-microbiota. Therefore, symbiotic associations between gut-microbiota and mental health along with homeostasis of glucose metabolism might be a novel target for translational medicinal research for the management of comorbid brain disorders associated with diabetes. Several prebiotics and probiotics as translational medicines have been reported for beneficial effect on brain functions as well as metabolic disorders. Moreover, potential pharmacotherapy in Ayurvedic medicinal system with various medicinal plants and edible herbs are now more prominence for their safety and effectiveness in various metabolic disorders and CNS comorbid conditions. Therefore, translational research can be used for better understanding of the relationship between brain glucose homeostasis and CNS complication. This will provide as insight on the modulating effects of poly-pharmacologically active therapeutic agents for comorbid conditions associated with diabetes. 
